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Net1 is a RhoA guanine nucleotide exchange factor (GEF) that is overexpressed in a subset of human cancers and contributes to
cancer cell motility and invasion in vitro. However, the molecular mechanism accounting for its role in cell motility and inva-
sion has not been described. In the present work, we show that expression of both Net1 isoforms in breast cancer cells is required
for efficient cell motility. Although loss of Net1 isoform expression only partially blocks RhoA activation, it inhibits lysophos-
phatidic acid (LPA)-stimulated migration as efficiently as knockdown of RhoA itself. However, we demonstrate that the Net1A
isoform predominantly controls myosin light-chain phosphorylation and is required for trailing edge retraction during migra-
tion. Net1A interacts with focal adhesion kinase (FAK), localizes to focal adhesions, and is necessary for FAK activation and focal
adhesion maturation during cell spreading. Net1A expression is also required for efficient invasion through a Matrigel matrix.
Analysis of invading cells demonstrates that Net1A is required for amoeboid invasion, and loss of Net1A expression causes cells
to shift to a mesenchymal phenotype characterized by high �1-integrin activity and membrane type 1 matrix metalloproteinase
(MT1-MMP) expression. These results demonstrate a previously unrecognized role for the Net1A isoform in controlling FAK
activation during planar cell movement and amoeboid motility during extracellular matrix (ECM) invasion.

The small G protein RhoA is aberrantly expressed in many hu-
man cancers, including breast cancer, and its activation is es-

sential for cancer cell migration and invasion (1–4). Localized
activation of RhoA during cell migration contributes to diverse
processes, including leading edge consolidation and trailing edge
retraction. It accomplishes these tasks by controlling cortical actin
polymerization and retrograde actin flow at the leading edge and
by generating the actomyosin contraction that is necessary for
both focal adhesion maturation and dissolution (5–7). During cell
movement through an extracellular matrix (ECM), RhoA also
controls a spatially localized actomyosin contraction that is crucial
for efficient ECM invasion (8, 9). Not surprisingly, activation of
RhoA is critical for metastasis in mouse models of human cancer
(10). However, regulatory mechanisms controlling aberrant
RhoA activation in human cancer are not well defined.

RhoA activation is controlled by a family of proteins called Rho
guanine nucleotide exchange factors (Rho GEFs), which catalyze
the release of GDP and thereby allow Rho proteins to bind GTP.
More than 70 Rho GEFs exist in the human genome, a subset of
which target RhoA (11, 12). The neuroepithelioma transforming
gene 1 (Net1) is a Rho GEF whose gene was originally cloned as a
transforming gene in NIH 3T3 focus formation assays (13). It is
specific for RhoA and RhoB in vitro and stimulates RhoA-depen-
dent actin stress fiber formation when overexpressed in cells (14,
15). Net1 is unusual among Rho GEFs in that it localizes to the
nucleus due to the presence of multiple nuclear localization signal
(NLS) sequences present in its amino terminus. Nuclear localiza-
tion of Net1 is an important negative regulatory mechanism, since
RhoA activation and actin stress fiber formation only occur when
Net1 is redistributed to the cytoplasm (16, 17). Two isoforms of
Net1 exist in cells, Net1 and Net1A, which are identical except for
the presence of alternative amino-terminal regulatory domains.
The Net1A isoform contains a shorter amino terminus that lacks
two of the NLS sequences present in Net1, thereby conferring a

less stringent regulation of nuclear localization. Thus, cells are
more sensitive to Net1A overexpression, which tends to result in
enhanced cytoplasmic localization and elevated RhoA activation
and F-actin polymerization (16).

Recent findings support the notion that cells utilize the Net1A
isoform, rather than Net1, to control actin cytoskeletal organiza-
tion. For example, Net1A is specifically required for actin cyto-
skeletal rearrangement in fibroblasts and keratinocytes in re-
sponse to transforming growth factor � (TGF-�) stimulation (18,
19). Moreover, we have observed that Net1A is relocalized from
the nucleus to the plasma membrane in response to Rac1 activa-
tion and is required for focal adhesion maturation (20). Addition-
ally, knockdown of the Net1 isoform in MCF7 breast cancer cells
but not Net1A reduces estrogen-driven proliferation (21). Thus, it
may be that the Net1 isoform is more important for cell prolifer-
ation, while Net1A controls aspects of cell motility.

A number of studies indicate that Net1 proteins may contrib-
ute to cancer initiation and progression. For example, overexpres-
sion of N-terminally truncated Net1 is transforming in cultured
fibroblasts (13, 14, 16), and Net1 transcripts have been found to be
overexpressed in human gastric cancers, hepatocellular carcino-
mas, and gliomas (22–24). In addition, we have shown that coex-
pression of Net1 and �4-integrin in node-positive breast cancer
patients is associated with a high risk for distant metastasis (25),
and others have found that overexpression of Net1 isoform
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mRNA correlates with reduced metastasis-free survival in estro-
gen receptor-positive breast cancer patients (21). Furthermore,
small interfering RNA (siRNA)-mediated knockdown of both
Net1 isoforms together inhibits gastric cancer cell motility and
invasion (22, 26). These studies suggest that one or both Net1
isoforms may play a role in metastatic cancer progression.

In the present work, we explored the mechanistic basis for
control of cell motility and invasion by Net1 isoforms. We show
that expression of both Net1 isoforms is required for cell motility
in multiple human breast cancer cell lines and for RhoA activation
and peripheral myosin light-chain (MLC) phosphorylation in
MDA-MB-231 cells. However, the Net1A isoform preferentially
stimulated myosin light-chain phosphorylation, localized to focal
adhesions, and was required for FAK activation, focal adhesion
maturation, and trailing edge retraction. Similarly, expression of
Net1A was necessary for amoeboid ECM invasion. In each of these
assays, inhibition of Net1A expression blocked cell movement and
invasion as potently as inhibition of RhoA expression, and siRNA-
mediated knockdown of both Net1 isoforms could only be res-
cued by reexpression of catalytically active Net1A. These results
indicate that both Net1 isoforms contribute to planar cell motility.
However, the Net1A isoform is primarily required for control of
FAK activity and focal adhesion dynamics during planar move-
ment and for amoeboid motility in an extracellular matrix envi-
ronment.

MATERIALS AND METHODS
Cells, tissues, and reagents. MDA-MB-231 and MDA-MB-435 human
breast cancer cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM)–Ham’s F-12 (1:1) (HyClone) plus 10% fetal bovine serum
(FBS), 100 U/ml penicillin, and 100 �g/ml streptomycin (Invitrogen).
HeLa cells were grown in modified Eagle’s medium (HyClone) plus 10%
FBS, 100 U/ml penicillin, and 100 �g/ml streptomycin. SUM149 cells
were grown in Ham’s F-12 medium (HyClone) plus 5% FBS, 2 mM glu-
tamine, 1 �g/ml hydrocortisone, 5 �g/ml insulin, 5 �g/ml transferrin, and
50 �M selenium. BT549 cells were grown in Roswell Park Memorial In-
stitute medium (RPMI) plus 10% FBS, 100 U/ml penicillin, and 100
�g/ml streptomycin. All cells were grown in a humidified 5% CO2 incu-
bator, except for HeLa cells, which were cultured in a 10% incubator.

Rabbit anti-Net1 was previously described (25) and was utilized
for the Western blot shown in Fig. 7A. The following commercial anti-
bodies were used: mouse anti-GAPDH (anti-glyceraldehyde-3-phosphate
dehydrogenase), mouse anti-Src, mouse anti-Net1 (sc-271207 and sc-
271941), mouse anti-FAK (sc-1688), and nonspecific rabbit IgG from
Santa Cruz Biotechnology, Santa Cruz, CA; rabbit anti-phospho-S19
MLC2, mouse anti-phospho-S19 MLC2, rabbit anti-phospho-Y418-Src,
rabbit anti-FAK, rabbit anti-phospho-Y397 FAK, and rabbit anti-�1-in-
tegrin from Cell Signaling Technology, Danvers, MA; mouse antipaxillin
from BD Biosciences, San Diego, CA; mouse anti-�1-integrin (4B4) from
Coulter, Fullerton, CA; mouse anti-MLC2 and rabbit anti-membrane
type 1 matrix metalloproteinase (anti-MT1-MMP) from Abcam, Cam-
bridge, MA; mouse anti-RhoA from Cytoskeleton, Denver, CO; and Alexa
Fluor 647-phalloidin, Alexa Fluor 488-phalloidin, anti-mouse antibody–
Alexa Fluor 647, and anti-rabbit antibody–Alexa Fluor 594 from Invitro-
gen, Grand Island, NY. Cy2- and Cy3-conjugated anti-mouse and anti-
rabbit antibodies were from Jackson ImmunoResearch. Bosutinib,
Y-27632, ML-7, PF-562271, and blebbistatin were from Fisher Scientific.

Mouse Net1 and Net1A in pEF-HA (hemagglutinin) were described
previously (16). Net1A containing Myc and Flag epitopes was created by
PCR and subcloned into pcDNA3.1 (Invitrogen). Catalytically inactive
Net1A L267E in pEF-HA was made by PCR using Pfu Turbo polymerase
(Agilent). Net1A�C4 in pEF-HA was described previously (27). HA-
epitope-tagged mouse FAK was a kind gift from Melanie Cobb. Y397F and

L1034S mutants in HA-FAK were created by PCR. Flag epitope-tagged
FAK was created by PCR and subcloned into pFlag-CMV (cytomegalovi-
rus) (Sigma-Aldrich). All gene inserts created by PCR were fully se-
quenced to confirm the correct amplification. pCMV5M-L63RhoA was
described previously (28). Nucleus-localized Myc-tagged �-galactosidase
(Myc–�-gal) was described previously (20).

Migration and invasion assays. MDA-MB-231 cells were transfected
with control, Net1, or RhoA siRNAs using RNAiMax (Invitrogen, Grand
Island, NY) or INTERFERin (Polyplus, New York, NY) according to the
manufacturers’ protocols. The final concentration of siRNAs in all trans-
fections was 10 nM, except in the inverse invasion experiments using
Matrigel (BD Biosciences), where the concentration was 20 nM. The
siRNA sequences were from Sigma Genosys (St. Louis, MO) and consisted
of the following: control AUUGUAUGCGAUCGCAGACdTdT (corre-
sponding to a scrambled Net1 target sequence; used only for the experi-
ments shown in Fig. 3); control GAUCAUACGUGCGAUCAGAdTdT
(corresponding to a scrambled sequence targeting p21CIP1; used for all
other siRNA transfection experiments); Net1/Net1A#1, GAGUGGACAU
AAACUUUACdTdT; Net1/Net1A#2, GGAGGAUGCUAUAUUGAUAd
TdT; RhoA, CAGAUACCGAUGUUAUACUdTdT; Net1#1, GAAAACG
CAGAGAGAAAGAUU; Net1#2, AACGCAGAGAGAAAGAUGAUU;
Net1A#1, AGGUUUGAGGGAGUACUUGUU; and Net1A#2, GGACCA
UACGAGUCCUAGAUU. In all experiments after Fig. 3, Net1A#2 and
Net1#1 siRNAs were used. For random migration, 2 days after siRNA
transfection the cells were trypsinized and 2.5 � 104 cells were placed in
the upper chamber of a 24-well Transwell plate (BD Biosciences). Mem-
branes contained 8-�m pores and were either uncoated or coated with
Matrigel. After 6 h (migration assays) or 24 h (Matrigel invasion assays),
the cells in the upper well were removed using a cotton swab, and the cells
on the bottom were fixed and stained with 4=,6-diamidino-2-phenylin-
dole (DAPI) (1 �g/ml; Sigma-Aldrich). Cells that had traversed the mem-
brane were counted in 10 random fields using the 20� objective of a Zeiss
Axiophot microscope. For chemotactic migration and invasion, cells were
starved 16 h prior to trypsinization in media without FBS. For these assays,
2.5 � 105 cells were placed in the upper well of the chamber. Media in the
bottom well contained lysophosphatidic acid (LPA) (2 �M unless other-
wise stated) (Sigma-Aldrich) or FBS (10%). Cells were allowed 6 h for
migration assays and 24 h for invasion assays.

Inverse invasion assays. MDA-MB-231 cell invasion of a Matrigel
plug was analyzed by inverse invasion assays (29, 30). Three days after
transfection with control- or Net1-specific siRNAs, parental MDA-MB-
231 cells or MDA-MB-231 cells stably expressing green fluorescent pro-
tein (GFP) were trypsinized and counted. A total of 1 � 104 viable cells
were allowed to adhere to the membrane beneath a 100-�l plug of 1:1
Matrigel–phosphate-buffered saline (PBS) mixture. After 4 h, unattached
cells were washed away, and medium lacking serum was placed in the
bottom of the well. Serum-containing medium was placed in the upper
chamber. Cells were allowed to migrate for 3 or 4 days before being fixed
with 3.7% formaldehyde for 30 min at room temperature. Cells were
permeabilized with 0.2% Triton X-100 in PBS and blocked with 1% don-
key serum in PBS-Tween 20 (0.1%) (PBST) before undergoing staining
with primary antibody for 6 h at 37°C. After being washed three times with
PBST, samples were incubated with Cy3-conjugated secondary antibody
(2 �g/ml), DAPI (2 �g/ml), and Alexa Fluor 647-phalloidin (according to
the manufacturer) in 1% bovine serum albumin (BSA) in PBST overnight
at 4°C. Samples were washed and stored in PBS. Imaging was performed
within 1 week of sample generation using the 40� air objective on a Nikon
A1 confocal microscope controlled by NIS Elements software. To quantify
the distance migrated, images were acquired at 5-�m intervals starting
from the surface of the membrane and moving into the matrix. To deter-
mine cell shape, 0.25- or 0.3-�m-interval stacks of the cell-containing
layers were collected and observed using the “volume view” option. Sin-
gle, rounded cells were classified as amoeboid and elongated cells as mes-
enchymal; a population of contiguous cells was considered “cohesive” and
not included in the single-cell analysis. For rescue of the inverse invasion

Carr et al.

2774 mcb.asm.org Molecular and Cellular Biology

http://mcb.asm.org


phenotype, cells were first transfected with Net1A siRNA. Forty-eight
hours later, they were transfected with plasmids bearing Myc-tagged
�-galactosidase, HA-Net1A, or HA-Net1A L267E using Lipofectamine
and the Plus reagent (Invitrogen) according to the manufacturer’s in-
structions. Twenty-four hours posttransfection, the inverse invasion was
performed as described, with the cells invading for only 1 day before
undergoing fixation and staining.

RhoA activation assays. RhoA activation in control and Net1 knock-
down cells was measured using an absorbance-based G-LISA kit, accord-
ing to the manufacturer’s directions (Cytoskeleton, Denver, CO). Briefly,
siRNA-transfected cells were allowed to grow for 3 days posttransfection
and then starved overnight before treatment with vehicle (phosphate-
buffered saline) or 20 �M LPA for 5 min. Cells were harvested in G-LISA
lysis buffer supplemented with protease and phosphatase inhibitors (80
mM �-glycerophosphate, 50 mM NaF, 1 mM sodium orthovanadate, 1
mM EDTA, 10 �g/ml leupeptin, 10 �g/ml pepstatin A, 2 �g/ml aprotinin,
1 mM phenylmethylsulfonyl fluoride [PMSF]), clarified by centrifuga-
tion, and immediately snap-frozen. The protein concentration was deter-
mined by measurement with Precision Red, and the RhoA activity of
equal amounts of total protein was analyzed in duplicate for each sample.
Samples were also analyzed by Western blotting to verify that Net1 knock-
down was efficient and did not have secondary effects on RhoA expres-
sion. The results of three independent experiments were combined after
normalization of the results to the absorbance of control samples.

Immunofluorescence microscopy and quantification of images. For
immunofluorescence microscopy, MDA-MB-231 cells were plated on
glass coverslips and then transfected with the appropriate siRNAs. After 3
days, an area within the cells was cleared using a pipette tip and the cells
were allowed to migrate into the cleared area for 6 h. The cells were then
fixed for 5 min at 37°C with 3.7% formaldehyde in PBS and then perme-
abilized with 0.2% Triton X-100 in PBS for 5 min at room temperature.
The cells were then incubated for 1 h at 37°C with the appropriate primary
antibodies diluted in PBST plus 1% BSA (Sigma-Aldrich). After being
washed in PBST, the cells were incubated for 1 h at 37°C with Cy2- or
Cy3-conjugated anti-mouse or anti-rabbit antibodies diluted to 2 �g/ml
in PBST plus 1% BSA. After being washed with PBST, the cells were
mounted on glass slides with Fluormount reagent (EMD4 Biosciences,
San Diego, CA). Cells were visualized with a Zeiss Axiophot epifluores-
cence microscope, and micrographs were acquired using Axiovision soft-
ware. Staining for phospho-Y397 FAK required incubation of primary
antibody overnight at 4°C for optimal signal. For pMLC staining, cells
were fixed in 2% paraformaldehyde for 15 min at room temperature be-
fore permeabilizations in 0.2% Triton in PBS for 5 min. Coverslips were
blocked in 3% BSA in PBS for 30 min at room temperature before incu-
bation in primary antibody, also in 3% BSA, for 1 h at 37°C. Coverslips
were washed with PBS before incubation at room temperature with sec-
ondary antibody and then further washed with PBS and rinsed with de-
ionized water before mounting. Images were acquired using a 60� oil
objective on a Nikon TiE wide-field confocal microscope controlled by
NIS Elements software using constant photomultiplier tube (PMT) de-
tector and laser settings. For rescue of pMLC staining, cells were allowed
to recover for 24 h from siRNA transfection before subsequent transfec-
tion of the indicated vector. Twenty-four hours posttransfection, the cells
were fixed and stained as described above. Images were acquired using a
60� oil objective on a Nikon TiE confocal microscope and deconvoluted
for 10 iterations in Autoquant software.

To calculate elongation indices, the length of the cells from the center
of the nucleus to the farthest point on the cell was calculated using Axio-
vision software. This value was then divided by the width of the cell in the
nucleus, perpendicular to the first axis (31). For analysis of FAK activation
after wounding or replating, images were acquired with a constant expo-
sure time, and the background subtraction was performed uniformly for
all samples and time points.

Replating assays. To assess the contribution of Net1 to FAK activation
and adherence, MDA-MB-231 cells were starved for 16 h and then

trypsinized, washed, and resuspended in 0.5% lipid-free BSA (Sigma-
Aldrich) in DMEM–F-12 at 37°C for 30 min before being replated in
serum-free medium on collagen IV (BD Biosciences)-coated coverslips
(for indirect immunofluorescence) or tissue culture dishes (for immuno-
precipitation) and harvested at the time points indicated.

HA-Net1 and HA-Net1A localization. To visualize Net1 isoform lo-
calization, MDA-MB-231 cells were plated on collagen-coated coverslips
and transfected with HA-Net1, HA-Net1A, or empty vector, using Lipo-
fectamine and the Plus reagent (Invitrogen) or TrueFect-Lipo reagent
(United Biosystems), according to the manufacturer’s instructions. Im-
ages were acquired using a 60� oil objective on a Nikon TiE wide-field
fluorescence microscope with a CoolSnap HQ2 camera set at a 10-MHz
readout speed controlled by NIS Elements software and were deconvo-
luted for 10 iterations using AutoQuant software.

Immunoprecipitation and Western blotting. For analysis of proteins
coprecipitating with Net1, actively growing MDA-MB-231 cells were
lysed in radioimmunoprecipitation assay (RIPA) buffer without SDS
(1.0% Triton X-100, 0.5% sodium deoxycholate, 50 mM Tris-HCl [pH
8.0], 150 mM NaCl, 80 mM �-glycerophosphate, 50 mM NaF, 1 mM
sodium orthovanadate, 1 mM EDTA, 10 �g/ml leupeptin, 10 �g/ml pep-
statin A, 2 �g/ml aprotinin, 1 mM phenylmethylsulfonyl fluoride), and
incubated on ice for 10 min, and insoluble proteins were pelleted by cen-
trifugation (16,000 � g, 10 min, 4°C). Equal amounts of soluble lysate
were precleared by incubation for 30 min at 4°C with 2 �g of nonspecific
mouse IgG plus protein A-Sepharose (Rockland Immunochemicals, Gil-
bersville, PA). Clarified lysates were then incubated with 2 �g of control
IgG or mouse anti-Net1 plus protein A-Sepharose for 2 h at 4°C. Precip-
itates were washed with a mixture of 20 mM Tris-HCl (pH 8.0), 125 mM
NaCl, 5 mM MgCl2, and 0.5% Triton X-100, resuspended in 2� Laemmli
sample buffer, and resolved by SDS-PAGE. Proteins were transferred to
polyvinylidene difluoride (PVDF) membrane and analyzed by Western
blotting as described previously (27).

For analysis of proteins coprecipitating with FAK or Net1 mutants,
plasmids were transfected (Lipofectamine and the Plus reagent; Invitro-
gen) into HeLa cells for 48 h before lysis in Triton lysis buffer (0.5% Triton
X-100, 20 mM Tris-HCl [pH 8.0], 100 mM NaCl, 80 mM �-glycerophos-
phate, 50 mM NaF, 1 mM sodium orthovanadate, 1 mM EDTA, 10 �g/ml
leupeptin, 10 �g/ml pepstatin A, 2 �g/ml aprotinin, 1 mM PMSF) or
RIPA buffer lacking SDS. Samples were incubated on ice for 10 min before
insoluble proteins were pelleted by centrifugation. Soluble lysates were
precleared with nonspecific IgG as described above before immunopre-
cipitation with the relevant antibody.

For analysis of RNA interference efficiency, siRNA-transfected cells
were lysed in SDS lysis buffer (2.0% SDS, 20 mM Tris-HCl [pH 8.0], 100
mM NaCl, 80 mM �-glycerophosphate, 1 mM Na2VO3, 20 mM NaF, 10
�g/ml leupeptin, 10 �g/ml pepstatin A, 10 �g/ml aprotinin, 1 mM
PMSF). DNA within the lysates was sheared using a sonicator or by 10
passages through a 23-gauge needle. Protein concentrations were deter-
mined by bicinchoninic acid assay (Pierce Biotechnology, Rockford, IL),
and equal amounts of total protein were resolved by SDS-PAGE. Effi-
ciency of knockdown was confirmed by Western blotting.

RESULTS
Net1 expression is required for random and LPA-stimulated
breast cancer cell motility. Net1 expression has previously been
observed to be important for gastric cancer cell motility (22, 26).
To determine whether Net1 is also required for breast cancer cell
motility, MDA-MB-231 cells were transfected with siRNAs target-
ing both Net1 isoforms, and effects of Net1 knockdown were com-
pared to those of siRNA-mediated knockdown of RhoA. Random
or LPA-stimulated cell migration was monitored using Transwell
chambers. In these assays, we observed that knockdown of Net1
resulted in a 40 to 60% reduction in random or LPA-stimulated
cell migration, respectively (Fig. 1A and B). Importantly, the mag-
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nitude of this effect was not significantly different from that
caused by inhibition of RhoA expression. A representative West-
ern blot showing Net1 and RhoA knockdown is shown in Fig. 1C.
To determine whether this effect was applicable to other invasive
breast cancer cell lines, we assessed the effects of Net1 or RhoA
knockdown in BT549, SUM149, and MDA-MB-435 cells. In these
assays, we observed that both SUM149 and MDA-MB-435 cells
required Net1 expression for motility. Net1 knockdown in BT549
cells did not produce a statistically significant change in motility,
even though RhoA knockdown did have an effect (Fig. 1D). Thus,
three of the four invasive breast cancer cell lines that we tested
required Net1 expression for motility, and this requirement was
similar to that for RhoA itself.

Because Net1 knockdown was nearly as efficient as RhoA
knockdown at inhibiting cell migration, we tested the extent to
which Net1 controlled LPA-stimulated RhoA activation. MDA-
MB-231 cells were starved overnight and then stimulated with
LPA for 5 min, which is the peak time for LPA-stimulated RhoA
activation in these cells (not shown). The cells were then lysed, and
RhoA activation was measured. We observed that inhibition of
Net1 expression partially blocked RhoA activation following LPA
stimulation but did not significantly reduce basal levels of RhoA
activity (Fig. 2A). A major effect of RhoA activation is to stimulate
actomyosin contraction by promoting ROCK-mediated myosin
light-chain (MLC) phosphorylation (32, 33). Thus, we examined
whether Net1 expression was required for LPA-stimulated MLC2
phosphorylation on its activating site, serine 19. We observed that
Net1 knockdown and RhoA knockdown inhibited MLC2 phos-
phorylation to similar degrees (Fig. 2B). To determine whether

this effect was confined to specific areas within the cell, we assessed
pS19-MLC2 levels by immunofluorescence. These assays showed
that there was a general decrease in pS19-MLC2 staining in Net1
knockdown cells, with the greatest loss in the cell periphery. Sim-
ilar results were observed with RhoA knockdown (Fig. 2C and D).
Thus, these data suggest that Net1 controls localized RhoA activa-
tion within the cell periphery and explain why Net1 knockdown
only partially inhibited RhoA activation when measured in lysed
cells (Fig. 2A). The similar efficacies of Net1 and RhoA knock-
down at blocking MLC2 phosphorylation also may explain why
both proteins were similarly required for cell motility, as MLC
phosphorylation is necessary for generation of actomyosin con-
tractility.

Recent work indicates that Net1 isoforms play divergent roles
in the cell. For example, Net1A expression is selectively stimulated
by TGF-� in keratinocytes and is required for actin cytoskeletal
rearrangement (18), and we have shown that Net1A is preferen-
tially exported from the nucleus following Rac1 activation in
MCF7 breast cancer cells and is required for focal adhesion mat-
uration (20). Moreover, expression of the Net1 isoform is stimu-
lated by estrogen in MCF7 cells and is preferentially required for
estrogen-driven proliferation (21). To determine which Net1 iso-
form accounted for effects on MLC2 phosphorylation, MDA-MB-
231 cells were transfected with control or Net1/Net1A siRNAs and
then retransfected with a control plasmid expressing nucleus-lo-
calized �-galactosidase (Myc–�-gal), or siRNA-resistant expres-
sion vectors for HA-Net1, HA-Net1A, or catalytically inactive
Net1A (HA-Net1A L267E) (16, 34). The cells were then fixed and
stained for DNA, pMLC2, and transfected protein (Myc or HA

FIG 1 Net1 is required for breast cancer cell motility. (A) MDA-MB-231 cells were transfected with control-, Net1 and Net1A dual targeting-, or RhoA-specific
siRNAs. Three days later, the cells were tested for random migration in Transwell chambers. Both upper and lower chambers contained 10% FBS. Shown is the
average from five independent experiments. Errors are standard errors of the mean (SEM). Statistical significance was calculated using Student’s t test. ***, P �
0.001. (B) Effect of Net1 or RhoA knockdown on LPA-stimulated MDA-MB-231 cell migration in Transwell assays. Shown is the average from three independent
experiments. Errors are SEM. ***, P � 0.001. (C) Representative Western immunoblots (IB) of total cell lysates from siRNA-transfected cells used for migration
assays. (D) Effect of Net1 dual isoform or RhoA knockdown in BT549, SUM149, and MDA-MB-435 human breast cancer cells. Shown is the average from at least
three independent experiments. Errors are SEM. *, P � 0.05; **, P � 0.01; ***, P � 0.001.

Carr et al.

2776 mcb.asm.org Molecular and Cellular Biology

http://mcb.asm.org


epitope). We observed that expression of Myc–�-gal or HA-Net1
did not rescue pMLC2 staining, while expression of wild-type HA-
Net1A did rescue it. Importantly, expression of catalytically inac-
tive Net1A did not restore pMLC2 staining (Fig. 2E). Effects on
pMLC staining were quantified in Fig. 2F. These data indicate that
expression of the Net1A isoform is specifically required for pe-
ripheral MLC2 phosphorylation in MDA-MB-231 cells and that
the ability to activate RhoA is a key aspect of Net1A function.

Both isoforms of Net1 contribute to LPA- and serum-stimu-
lated chemotaxis. Given the exclusive role of Net1A in controlling
peripheral MLC2 phosphorylation in MDA-MB-231 cells, we ex-
amined whether there was a specific requirement for Net1A in
controlling breast cancer cell motility. Small interfering RNAs
were designed against the unique regions of Net1 or Net1A and
then tested for effects on LPA- or FBS-stimulated cell motility in
Transwell assays. As expected, concurrent knockdown of both
Net1 isoforms efficiently blocked cell migration toward LPA or

serum (Fig. 3A). Surprisingly, blocking individual Net1 isoform
expression also fully inhibited cell migration in response to LPA or
FBS. Quantitative PCR and Western blot analysis showed that
each siRNA was specific for its intended target (Fig. 3B and C).
Thus, although Net1A appears to be the major regulator of MLC2
phosphorylation, these data indicate that both Net1 isoforms con-
tribute to MDA-MB-231 cell motility.

Net1A, but not Net1, is required for trailing edge retraction
in migrating breast cancer cells. To explore why MDA-MB-231
cells require expression of both Net1 isoforms for overall motility,
we assessed their roles in controlling mechanistic aspects of cell
movement. RhoA drives cell migration in part by stimulating ac-
tomyosin contraction, which in the rear of the cell results in dis-
assembly of focal adhesions and retraction of the trailing edge.
Lack of trailing edge retraction classically results in long exten-
sions in the rear of the migrating cell (31, 35, 36). To monitor the
contribution of each Net1 isoform to trailing edge retraction, we

FIG 2 Contribution of Net1 isoforms to LPA-stimulated RhoA activation and peripheral myosin light-chain phosphorylation. (A) MDA-MB-231 cells were
transfected with control-, Net1 dual isoform-, or RhoA-specific siRNAs, starved, and then stimulated with LPA for 5 min. RhoA activation was tested by G-LISA
assay. Shown is the average from three independent experiments. Errors are SEM. **, P � 0.01; ***, P � 0.001. (B) Representative Western blot of siRNA-
transfected cells. (C) Immunofluorescence analysis of myosin light-chain phosphorylation 2 on serine 19 (pMLC2) in siRNA-transfected cells. Cells were starved
and then stimulated with LPA for 5 min. Shown are representative maximum-intensity z-plane images. Green, pMLC2; blue, DNA. Bar, 10 �m. (D) Quantifi-
cation of pMLC2 staining in the cell periphery in siRNA-transfected cells. Shown is the average from three independent experiments. Errors are SEM. *, P � 0.05;
**, P � 0.01. (E) Rescue of pMLC2 in Net/Net1A siRNA-transfected cells. Shown are representative maximum-intensity z-plane images. Green, pMLC2; blue,
DNA; red, transfected protein. Bar, 21 �m. (F) Quantification of pMLC2 rescue in siRNA-transfected cells. Shown is the average from three independent
experiments. Errors are SEM. **, P � 0.01.
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assessed the effects of their knockdown on cells migrating into a
cleared area. Effects on trailing edge retraction were quantified as
an elongation index, which reflects the length versus width of a
cell. Increases in the elongation index have been correlated previ-
ously with an inability to retract the trailing edge (31). In these
experiments, we observed that knockdown of either Net1A alone
or both Net1 isoforms together caused cells to assume a spindly
morphology with short extensions in the front and long exten-
sions in the rear of the cell (Fig. 4A). However, knockdown of the
Net1 isoform did not affect cell morphology, although it did elicit
a small reduction in MLC2 phosphorylation when tested by West-
ern blotting (Fig. 4B). This suggests that the Net1 isoform may
play a minor role in generating actomyosin contractility that was
not apparent in our previous pMLC2 rescue experiments (Fig. 2E
and F). Importantly, the morphology of Net1A knockdown cells
was indistinguishable from that observed in RhoA knockdown
cells. This change in morphology was reflected in statistically sig-
nificant increases in the elongation index that were identical for
both Net1A and RhoA knockdown cells (Fig. 4C).

To determine whether expression of either isoform alone was
sufficient for rear end retraction, we knocked down expression of
both Net1 isoforms and then transfected the cells with Myc–�-gal,
HA-Net1, HA-Net1A, or HA-Net1A L267E. The cells were then
allowed to migrate into a cleared area, and elongation indices were
quantified. In these experiments, we observed that expression of
the control protein �-galactosidase did not rescue cell morphol-
ogy. Similarly, expression of the Net1 isoform did not rescue the
ability of knockdown cells to retract their trailing edges (Fig. 4D to
G). However, wild-type Net1A expression effectively rescued the
morphology of the migrating cells and completely restored the
elongation index to control values. Moreover, expression of cata-
lytically inactive Net1A L267E did not rescue trailing edge retrac-

tion (Fig. 4D to G). Thus, these experiments demonstrate that
Net1A uniquely controls the morphology of migrating MDA-MB-
231 cells and that it must be able to activate RhoA to regulate rear
end retraction.

Net1A interacts with FAK in a RhoA-dependent manner.
Since expression of both Net1 isoforms was necessary for efficient
cell motility, we examined their subcellular distribution in MDA-
MB-231 cells. Previously, we and others have shown that Net1
isoforms are localized in the nucleus and that extranuclear local-
ization is required to stimulate RhoA activation and actin poly-
merization (16, 17). Thus, export of Net1 isoforms outside the
nucleus would be predicted to occur if they controlled RhoA-
dependent cell motility.

MDA-MB-231 cells were plated on collagen to activate integrin
signaling and then transfected with expression vectors for HA-
Net1 or HA-Net1A. HA epitope-tagged Net1 isoforms were ex-
pressed because antibodies suitable for immunofluorescent detec-
tion of endogenous Net1 isoforms are not available. Two days
later, the cells were fixed and stained for the HA epitope, as well as
for active FAK (pY397-FAK). FAK activation was assessed because
it is required for focal adhesion assembly and disassembly at the
leading and trailing edges of a cell, respectively (37, 38). Localiza-
tion of Net1 isoforms was examined by confocal microscopy. We
observed that HA-Net1 localized exclusively to the nucleus in
�85% of cells (Fig. 5A). The few cells that did show extranuclear
HA-Net1 exhibited diffuse cytoplasmic staining (not shown). On
the other hand, HA-Net1A was commonly localized both in the
nucleus and within punctate areas in the leading and trailing
edges. Within the leading and trailing edges, these spots colocal-
ized with active FAK, indicating that they were focal adhesions
being actively remodeled (Fig. 5A). Localization of Net1A to focal
adhesions was also observed when catalytically inactive Net1A was

FIG 3 Both Net1 isoforms are required for breast cancer cell migration toward LPA or serum. (A) MDA-MB-231 cells were transfected with a control siRNA,
an siRNA specific for both Net1 isoforms (Net1/Net1A#1), or siRNAs specific for individual Net1 isoforms (Net1#1 and -#2 and Net1A#1 and -#2). Cells were
then starved overnight and tested for migration in Transwell chambers toward LPA or 10% FBS gradients. Shown is the average from five independent
experiments. Errors are SEM. The P values shown are compared to the control siRNA under the same migration conditions. *, P � 0.05; **, P � 0.01; ***, P �
0.001. (B) Quantitative real-time PCR analysis of Net1 isoform mRNA expression in MDA-MB-231 cells transfected with control- and Net1 isoform-specific
siRNAs. Net1 isoform expression was assessed 3 days after transfection. Shown is a representative experiment from three independent experiments. Errors are
standard deviations. *, P � 0.05; **, P � 0.01; ***, P � 0.001. (C) Representative Western blot of MDA-MB-231 cells transfected with the denoted siRNAs. The
upper band corresponds to Net1; the lower band is Net1A.
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transfected, although this was less prominent (not shown). This
indicates that ability to activate RhoA was not strictly required for
focal adhesion localization of Net1A. Although the majority of
cells overexpressing HA-Net1A exhibited an elongated, migratory
phenotype, the population of HA-Net1-expressing cells was
equally distributed among rounded stationary and elongated mo-
tile cells (not shown). Interestingly, HA-Net1, HA-Net1A, and
active FAK also showed significant colocalization in the nucleus.
Nuclear localization of FAK has been observed by others (39).
Taken together, the results from this experiment demonstrate that
a subpopulation of Net1A but not Net1 localizes outside the nu-

cleus to phospho-FAK-positive focal adhesions concentrated
within the leading edge and trailing segments of the cell.

FAK is recruited to nascent focal adhesions through its C-ter-
minal focal adhesion targeting (FAT) domain and is subsequently
activated by intermolecular phosphorylation on tyrosine 397
(Y397) (40–42). Phosphorylation at this site provides a docking
site for Src, which then further phosphorylates FAK to initiate cell
signaling (37, 43). Thus, we tested whether Y397 phosphorylation
of FAK or the functionality of its FAT domain was necessary for
interaction with Net1A. HeLa cells were transfected with Myc-
epitope-tagged Net1A and HA epitope-tagged wild-type, Y397F, or

FIG 4 Net1A is required for trailing edge retraction in MDA-MB-231 cells. (A) MDA-MB-231 cells were transfected with the siRNAs shown. Three days later,
the monolayer was scratched and cells were allowed to migrate back into the cleared area. After 6 h, the cells were fixed and stained for DNA (blue) and F-actin
(red). Arrows show the direction of migration. Shown are representative images from three independent experiments. Bar, 20 �m. (B) Representative Western
blot of siRNA-transfected cells. (C) Quantification of elongation index in migrating MDA-MB-231 cells transfected with the siRNAs shown. The elongation
index was measured as the distance from the furthest tip of the cell to the middle of the nucleus divided by the width of the cell at that portion of the nucleus.
Shown are the combined results from three independent experiments. Bars denote median values. ***, P � 0.001. (D) Reexpression of Net1 proteins in control
or Net1 dual isoform siRNA-transfected cells. Two days after siRNA transfection, cells were retransfected with expression vectors for Myc epitope-tagged,
nucleus-localized �-galactosidase or the siRNA-resistant, HA-tagged Net1 isoforms shown. Net1A L/E, catalytically inactive Net1A L267E. Cells were allowed to
migrate into a wounded area, fixed, and stained for the antigens shown. Arrows denote the direction of migration. Shown are representative images from three
independent experiments. Bar, 20 �m. (E) Representative Western blot of siRNA-transfected cells. (F) Quantification of elongation indices from three inde-
pendent rescue experiments. Bars denote median values. ***, P � 0.001. (G) Representative Western blot of transfected cells from elongation index rescue
experiments.
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L1034S FAK. The L1034S mutation blocks interaction between FAK
and integrins, as well as between FAK and paxillin (44, 45). Myc-
Net1A was then immunoprecipitated and tested for coprecipita-
tion of FAK by Western blotting. As shown in Fig. 5B, all three
FAK proteins coprecipitated effectively with Net1A, with a weak
preference for the FAT domain mutant. Thus, activation of FAK is
not required for interaction with Net1A.

We then examined whether Net1A required catalytic activity
or the presence of its C-terminal PDZ domain binding site for
interaction with wild type FAK. The PDZ binding site within
Net1A mediates interaction with the PDZ domain-containing
proteins Magi1b, Dlg1, and CARMA1/3 (27, 34, 46, 47). HeLa
cells were transfected with Flag epitope-tagged FAK and HA
epitope-tagged wild-type, L267E, or �C4 Net1A. FAK was then
immunoprecipitated and tested for coprecipitation of Net1A. In
these experiments, we did not observe a requirement for the C-
terminal PDZ domain binding site of Net1A, as the �C4 mutant
coprecipitated with FAK as efficiently as wild-type Net1A. How-
ever, coprecipitation of catalytically inactive Net1A L267E was sig-
nificantly impaired (Fig. 5C). This suggests that RhoA activation
may stimulate the interaction between Net1A and FAK. To test
this directly, we examined the ability of wild-type and catalytically
inactive Net1A to coimmunoprecipitate with wild-type FAK in
the presence or absence of coexpressed, constitutively active
L63RhoA. We observed that coexpression of L63RhoA potently
stimulated the coprecipitation of transfected Net1A and FAK
(Fig. 5D). This indicates that RhoA activation potentiates the in-
teraction between FAK and Net1A.

Net1A expression is required for FAK activation and focal
adhesion maturation. Since FAK controls focal adhesion forma-
tion and disassembly, we then tested whether inhibition of Net1A
expression affected focal adhesion formation following integrin
engagement. MDA-MB-231 cells were transfected with control-,

Net1A-, or RhoA-specific siRNAs and then trypsinized and re-
plated on a collagen matrix. After 1 h, the cells were fixed and
stained for paxillin, pY397-FAK, and DNA. In these experiments,
we observed that control siRNA-transfected cells exhibited strong
pY397-FAK-positive focal adhesions on the cell edges and extend-
ing deep within the cell. However, Net1A and RhoA siRNA-trans-
fected cells were largely devoid of these focal adhesions, with only
a few small, peripheral pY397-FAK-positive focal adhesions re-
maining (Fig. 6A). Quantification of the number of focal adhe-
sions per square micrometer or mean focal adhesion size through-
out the cell indicated that Net1A and RhoA knockdown cells were
equally impaired at promoting focal adhesion initiation and mat-
uration (Fig. 6B and C).

We then examined whether replating cells on collagen stimu-
lated the interaction between endogenous Net1 isoforms and
FAK. MDA-MB-231 cells were grown on plastic or trypsinized
and replated on collagen for 1 h. Endogenous Net1 proteins were
immunoprecipitated with an antibody that recognizes both Net1
isoforms and tested for the coprecipitation of endogenous FAK. In
these experiments, we observed that coprecipitation of FAK was
strongly enhanced by replating cells on collagen, indicating that
integrin engagement stimulates FAK interaction with Net1 pro-
teins (Fig. 6D).

To identify the integrin-stimulated signaling pathways that are
required for interaction between endogenous Net1 and FAK,
MDA-MB-231 cells were pretreated overnight with inhibitors of
myosin light-chain kinase (MLCK) (ML-7), ROCK (Y-27632),
FAK (PF-562271), or Src (bosutinib). Endogenous Net1 proteins
were immunoprecipitated and tested for coprecipitation of en-
dogenous FAK by Western blotting. We observed that MLCK in-
hibition completely eliminated the interaction between Net1 and
FAK, while inhibition of ROCK, FAK, and Src was somewhat less
effective (Fig. 6E). Since both MLCK inhibition and ROCK inhi-

FIG 5 Net1A colocalizes with active FAK and interacts with FAK in a RhoA-regulated manner. (A) MDA-MB-231 cells were plated on collagen and transfected
with expression vectors for HA-Net1 or HA-Net1A. The cells were then fixed and stained for HA (green), pY397-FAK (red), and DNA (blue). Shown are single
x-y views of representative HA-Net1- or HA-Net1A-transfected cells, and the sum of the intensities for each cell in the x-z direction. Bar, 10 �m. (B) HeLa cells
were transfected with HA epitope-tagged wild-type or mutant FAK, and wild-type Myc epitope-tagged Net1A. Myc-Net1A was then immunoprecipitated and
tested for coprecipitation of FAK proteins by Western blotting. Shown is a representative experiment from three independent experiments. (C) HeLa cells were
transfected with Flag epitope-tagged wild-type FAK and HA epitope-tagged wild-type Net1A, catalytically inactive Net1A L267E (L/E), or Net1A lacking the
C-terminal PDZ domain binding site (�C4). Flag-tagged FAK was immunoprecipitated and tested for coprecipitation of Net1A proteins by Western blotting.
Shown is a representative experiment from three independent experiments. (D) HeLa cells were transfected with wild-type (wt) or catalytically inactive (L/E)
HA-Net1A and wild-type Flag-FAK, minus or plus constitutively active, Myc epitope-tagged L63 RhoA. Flag-FAK was immunoprecipitated and tested for
coprecipitation of Myc-tagged proteins by Western blotting. Shown is a representative experiment from three independent experiments.
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bition reduce actomyosin contraction and RhoA activation stim-
ulated interaction between Net1A and FAK (Fig. 5C and D), we
examined whether directly inhibiting actomyosin contraction by
using blebbistatin also blocked Net1 interaction with FAK. We
observed that blebbistatin treatment was at least as effective as
ML-7 at inhibiting FAK coprecipitation with Net1 (Fig. 6F).
Taken together, these data indicate that the interaction between
Net1 isoforms and FAK is driven by actomyosin contraction and
that this interaction contributes to focal adhesion maturation.

Net1A expression is required for extracellular matrix inva-
sion. Because Net1A played such a profound role in controlling
cell motility and spreading, we then examined whether Net1 iso-
forms were required for MDA-MB-231 cell invasion through an

extracellular matrix. Cells were transfected with control siRNA or
siRNA targeting both Net1 isoforms, and the cells were allowed to
invade Matrigel-coated Transwells overnight in the absence of a
ligand gradient. We observed that knockdown of both Net1 iso-
forms blocked unstimulated Matrigel invasion by 40% (Fig. 7A).
We then assessed the requirement for individual Net1 isoforms in
LPA-stimulated invasion. In these experiments, we observed that
Net1A knockdown was as effective as knockdown of both Net1
isoforms and was as effective as knockdown of RhoA itself. More-
over, knockdown of the Net1 isoform did not significantly affect
Matrigel invasion (Fig. 7B). A representative Western blot of
siRNA-transfected cells is shown in Fig. 7C. These results indicate
that Net1A, but not Net1, is required for efficient Matrigel inva-

FIG 6 Net1A is required for focal adhesion maturation during cell adhesion and interacts with FAK. (A) MDA-MB-231 cells were transfected with control-,
Net1A-, or RhoA-specific siRNAs and then replated on collagen-coated coverslips. After 1 h, the cells were fixed and stained for pY397-FAK (red) and DNA
(blue). Shown are representative images. Bar, 10 �m. (B) Quantification of focal adhesion (FA) number per �m2 in cells 1 h after replating. Focal adhesions were
identified by pY397-FAK and paxillin colocalization. Shown are data from three independent experiments. Bars are median values. ***, P � 0.001. (C)
Quantification of focal adhesion size. Shown is the average from three independent experiments. Errors are SEM. ***, P � 0.001. (D) Coimmunoprecipitation
of endogenous FAK with endogenous Net1 proteins is stimulated by replating MDA-MB-231 cells on collagen. Shown is a representative experiment from three
independent experiments. (E) Inhibitors of MLCK (ML-7; 5 �M), ROCK (Y-27632; 10 �M), FAK (PF-562271; 8 ng/ml), and Src (bosutinib; 2 �M) block
coprecipitation of endogenous Net1 proteins and FAK. Cells were treated with inhibitors overnight prior to lysis. Shown is a representative experiment from three
independent experiments. DMSO, dimethyl sulfoxide. (F) Coimmunoprecipitation of endogenous FAK with Net1 proteins is sensitive to the myosin ATPase
inhibitor blebbistatin (30 min, 20 �M). Shown is a representative experiment from three independent experiments.
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sion in MDA-MB-231 cells. This is distinct from LPA-stimulated
cell motility in the absence of an ECM, which required expression
of both Net1 isoforms (Fig. 3).

Net1A controls amoeboid movement in invading cells. Indi-
vidual cancer cells invade an extracellular matrix (ECM) by two
major forms of movement, termed amoeboid and mesenchymal
(9, 48, 49). In amoeboid movement, cells assume a rounded, non-
polarized morphology and squeeze between matrix fibers, pro-
pelled by actomyosin contraction in the rear of the cell. Mesen-
chymal movement is characterized by a polarized, fibroblast-like
morphology and relies on protease-dependent degradation of the
ECM and the formation of strong integrin-dependent contacts. It
is thought to rely on Rac-driven lamellipodial protrusion at the
front of the cell, as well as on RhoA-driven actomyosin contrac-
tion in the rear. Cancer cells can generally switch between these
forms of movement as they invade an ECM (49, 50), although
particular cancer cell lines often exhibit a preference for one form
of movement over another (29). Amoeboid movement is consid-
ered a fast form of locomotion through a matrix, while mesenchy-
mal invasion is considerably slower (8).

Currently, it is not known whether particular RhoA GEFs con-
trol specific forms of ECM invasion. However, because we ob-
served that MDA-MB-231 cell invasion of a Matrigel matrix was
partly dependent on Net1A activity, we examined whether Net1A
contributed to a specific form of invasive movement. MDA-MB-
231 cells were transfected with control- or Net1A-specific siRNAs,
plated on a thick Matrigel plug, and allowed to invade toward a
serum gradient. After 3 days, the cells were fixed and stained for
F-actin, active �1-integrin, and MT1-MMP. MT1-MMP is the
major metalloproteinase used by MDA-MB-231 cells during ECM
invasion (49, 51, 52). In control siRNA-transfected cells, we ob-
served that singly invading cells did so as a mixed population, with
approximately equal numbers of amoeboid and mesenchymal
morphologies. Importantly, Net1A or RhoA knockdown signifi-
cantly changed this ratio, such that there were many fewer amoe-

boid invading cells. The increase in cells with the mesenchymal
morphology was accompanied by a large increase in MT1-MMP
and active �1-integrin staining (Fig. 8A). The change in morphol-
ogy of invading cells is quantified in Fig. 8B.

We then examined whether this change in morphology was
accompanied by a decrease in invasion efficiency. MDA-MB-231
cells stably expressing GFP were transfected with control-,
Net1A-, or RhoA-specific siRNAs and allowed to invade a Matri-
gel plug for 3 days, and the distance invaded by the cells was as-
sessed. As shown in Fig. 8C, knockdown of Net1A or RhoA re-
duced the distances invaded by similar degrees. Western blotting
of cells prior to plating on Matrigel showed that the siRNAs were
specific for their intended targets and that Net1A and RhoA
knockdowns similarly inhibited MLC2 phosphorylation (Fig.
8D). Comparable results were obtained with parental MDA-MB-
231 cells stained for F-actin (not shown). These data indicate that
Net1A controls amoeboid movement in an ECM environment
and is required for efficient invasion.

We then examined whether reexpression of wild-type or cata-
lytically inactive Net1A could rescue amoeboid movement in in-
vading Net1A knockdown cells. MDA-MB-231 cells were trans-
fected with control- or Net1A-specific siRNAs and then
retransfected with the control protein �-galactosidase, wild-type
HA-Net1A, or HA-Net1A L267E. Cells were allowed to invade the
Matrigel for 1 day and fixed and stained for epitope-tagged pro-
teins, F-actin, and DNA. In these experiments, we observed that
expression of wild-type Net1A efficiently restored amoeboid
movement, but that �-galactosidase or Net1A L267E expression
did not rescue this form of motility (Fig. 8E and F). These results
indicate that the ability of Net1A to control amoeboid invasion
requires its catalytic activity toward RhoA.

DISCUSSION

In the present work, we show that Net1 isoform expression is
required for motility in multiple human breast cancer cell lines.

FIG 7 Net1A is specifically required for invasion of a Matrigel extracellular matrix. (A) MDA-MB-231 cells were transfected with control- or Net1 dual
isoform-specific siRNAs and then allowed to invade overnight through a Matrigel-coated Transwell apparatus. Both wells contained 10% FBS. The inset shows
a representative Western blot using an antibody that primarily recognizes Net1. Shown is the average from four independent experiments. Errors are SEM. **,
P � 0.01. (B) MDA-MB-231 cells were transfected with the siRNAs indicated. Two days later, the cells were serum starved and allowed to migrate toward vehicle
or LPA overnight through Matrigel-coated Transwells. Shown is the average from three independent experiments. Errors are SEM. **, P � 0.01; ***, P � 0.001.
(C) Representative Western blot of siRNA-transfected MDA-MB-231 cells.
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Depletion of both Net1 isoforms reduces RhoA activation and
diminishes myosin light-chain phosphorylation, particularly in
the cell periphery. Moreover, depletion of the Net1A isoform
yields a cellular phenotype that is consistent with an inability of
migrating cells to retract their trailing edge. We also show that
Net1A interacts with FAK in a RhoA-regulated manner and is
required for FAK activation during cell spreading. Finally, we
demonstrate that Net1A expression is required for efficient inva-
sion and controls the ability of cells to move through the ECM by
amoeboid movement. These data indicate that Net1 isoforms, es-
pecially Net1A, may be important mediators of breast cancer cell
motility and invasion.

It is noteworthy that the majority of phenotypes we examined
only required Net1A expression. These included rear edge retrac-
tion, FAK activation, focal adhesion maturation, and amoeboid
invasive activity. These findings fit with previous studies of other
cell types showing that Net1A was preferentially required for cell
adhesion, TGF-�-stimulated actin cytoskeletal reorganization,
and focal adhesion maturation (18, 20, 21). Given these findings,
it is not clear why both Net1 isoforms are required for MDA-MB-
231 cell motility in our study (Fig. 3). In this regard, we did ob-
serve that a minority of cells exhibited Net1 localization outside
the nucleus, and we have shown recently in MCF7 cells that active
Rac1 can occasionally stimulate relocalization of Net1 outside the

FIG 8 Net1A is required for amoeboid invasive movement. (A) MDA-MB-231 cells were transfected with control-, Net1A-, or RhoA-specific siRNAs. Three days
later, the cells were plated on a thick Matrigel plug and allowed to invade for another 3 days. The cells were then fixed and stained for active �1-integrin (purple),
MT1-MMP (red), F-actin (green), and DNA (blue) and visualized by confocal microscopy. Shown are maximum-intensity projections of representative x-y
fields. Bar, 10 �m. (B) Quantification of cell morphologies from control and Net1A and RhoA siRNA-transfected cells during Matrigel invasion. Shown is the
average from three independent experiments. Errors are SEM. *, P � 0.05; **, P � 0.01. (C) Median distance invaded by GFP-expressing MDA-MB-231 cells
transfected with control, Net1A, or RhoA siRNAs. The extent of cell invasion was assessed by monitoring the GFP signal of at least six separate fields for each
siRNA in four separate experiments. Shown is a representative experiment. (D) Representative Western blot of siRNA-transfected cells. (E) Reexpression of wild
type but not catalytically inactive Net1A rescues amoeboid Matrigel invasion. MDA-MB-231 cells were transfected with control- or Net1A-specific siRNAs. Two
days later, the cells were retransfected with Myc-tagged �-galactosidase (Myc-�gal), siRNA-resistant wild-type Net1A, or catalytically inactive Net1A L267E. One
day after that, the cells were fixed and stained for HA or Myc epitope-tagged proteins, F-actin, and DNA. The top panels show F-actin (green) and DNA (blue).
The bottom panels show expression of transfected proteins. Shown are representative images. Bar, 10 �m. (F) Quantification of cell morphology in transfected
cells from three independent experiments. Errors are SEM. ***, P � 0.001.
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nucleus (20). Moreover, we observed that knockdown of Net1
alone also caused a modest reduction in myosin light-chain phos-
phorylation (Fig. 4B). Even so, it is difficult to reconcile the ap-
parently large contribution of Net1 to MDA-MB-231 cell motility
in Transwell assays with these relatively minor effects. This sug-
gests that Net1 may contribute to cell motility in a way that we did
not measure. Future work will be required to identify this contri-
bution.

When assessing the role of Net1 isoforms in controlling RhoA
activation and MLC2 phosphorylation, we observed that knock-
down of both Net1 isoforms only partially inhibited LPA-stimu-
lated RhoA activation and preferentially blocked MLC2 phos-
phorylation in the cell periphery (Fig. 2). This suggests that Net1
function is localized in the cell, an idea that is supported by our
previous work with MCF7 cells showing that Net1A is relocalized
to the plasma membrane by active Rac1 (20). In addition, we
observed here that Net1A was preferentially localized to focal ad-
hesions and the leading and trailing edges, further supporting the
idea of localized function (Fig. 5). The stronger effect of Net1
knockdown on MLC2 phosphorylation than on RhoA activation
is unlikely to be due to its potential GEF activity toward RhoB, as
these cells express very little RhoB and Net1 knockdown produced
nearly equivalent effects as RhoA knockdown. Thus, we favor the
interpretation that Net1 is one of multiple RhoA GEFs responding
to LPA or other motility stimuli in MDA-MB-231 cells and that its
function is localized. Importantly, others have shown that p115-
RhoGEF, PDZ-Rho GEF, and LARG are LPA-regulated RhoA
GEFs (53, 54), and we have observed that MDA-MB-231 cells
express PDZ-Rho GEF (not shown). Thus, it is likely that multiple
RhoA GEFs are responding to LPA stimulation in MDA-MB-231
cells to control different aspects of cell signaling.

An important finding of this work is that Net1A interacts with
FAK and controls its activation (Fig. 5 and 6). Since FAK activa-
tion is necessary for the formation of new focal adhesions at the
leading edge and dissolution of focal adhesions at the trailing edge
(37, 38), it is likely that interaction with FAK is an important
aspect of how Net1A controls cell motility. Interestingly, we ob-
served that this interaction was stimulated by RhoA activation and
reduced by small molecule inhibitors of MLCK, ROCK, FAK, Src,
and myosin. The simplest explanation for these findings is that
actomyosin contraction stimulates Net1A interaction with FAK.
This may produce a positive-feedback loop whereby RhoA activa-
tion downstream of Net1A stimulates increased actomyosin con-
traction, which in turn would result in additional Net1A recruit-
ment and enhanced FAK activation. Actomyosin contraction is
generally accepted to stimulate FAK activation by aggregating in-
tegrins (55), which in turn promotes juxtaposition of FAK mole-
cules to allow for their intermolecular phosphorylation on Y397
(41, 42). Thus, we favor a model whereby Net1A controls FAK
activation indirectly, downstream of RhoA activation and acto-
myosin contraction. We propose that Net1A is part of an ampli-
fication mechanism to accelerate actomyosin contraction and fo-
cal adhesion maturation. In this regard, other Rho GEFs have been
shown to interact with FAK. For example, transfected PDZ-Rho
GEF has been shown to coimmunoprecipitate with transfected
FAK and is localized to focal adhesions in rat fibroblasts plated on
fibronectin (31). Similarly, p190RhoGEF interacts with FAK in
Neuro-2A cells replated on fibronectin (56, 57). Thus, it may be
that additional RhoA GEFs that we have not tested also contribute
to FAK activation in MDA-MB-231 cells.

Another significant finding of this work is the requirement for
Net1A expression for efficient invasion of a Matrigel extracellular
matrix (Fig. 7 and 8). Importantly, we observed that Net1A
knockdown blocked Matrigel invasion as efficiently as knock-
down of RhoA itself. Single cells generally invade an extracellular
matrix by two distinct forms of movement, amoeboid and mes-
enchymal motility. Amoeboid movement is characterized by
rounded cells that squeeze between matrix fibers by generating
actomyosin contraction in the rear of the cell. Mesenchymal
movement is characterized by fibroblast-like cells that utilize
strong integrin-dependent contacts and secrete various proteases
to create a path for travel (48, 49). In our experiments, we ob-
served that MDA-MB-231 cells invade Matrigel by equal use of
amoeboid and mesenchymal mechanisms. However, knockdown
of Net1A expression largely precluded amoeboid invasion and
shifted the cells to the slower mesenchymal movement. This was
characterized by a large increase in �1-integrin activation and
MT1-MMP expression (Fig. 8). To our knowledge, this is the first
time that a particular Rho GEF has been shown to control a class of
invasive movement.

On the surface, this phenotype may seem difficult to reconcile
with the interaction of Net1A and FAK we identified for 2D mo-
tility. However, cell movement through an extracellular matrix is
qualitatively distinct from that on a planar surface, and many of
the signaling mechanisms that apply to 2D motility are altered
during 3D movement (8, 9). For example, cells moving in 3D
matrices do not exhibit readily discernible focal adhesions (58).
Instead, in this environment key focal adhesion proteins, such as
FAK, contribute to the formation of cell protrusions between ma-
trix fibers and are required to maintain the speed and directional
persistence of cell movement (58).

It is generally accepted that invading cancer cell morphology is
plastic, switching between amoeboid and mesenchymal move-
ment as needed (49, 50). For example, mesenchymal invasion is
usually required for cells to pass through a dense region of the
extracellular matrix or a basement membrane (59). Our findings
indicate that Net1A activity is an essential factor in determining
the mode of cell movement. Importantly, it has been observed
previously that long-term treatment with TGF-�, which in many
cell types stimulates an epithelial-to-mesenchymal transition,
leads to a decrease in expression of both Net1 isoforms (18). Sim-
ilarly, Net1A expression falls off drastically when cells invade a
basement membrane during chicken gastrulation (60). Thus, it is
possible that cells generally downregulate Net1A expression when
mesenchymal movement is necessary. Our results also suggest the
interesting possibility that Net1A expression actively suppresses
the mesenchymal phenotype. In the future it will be important to
assess the role of Net1 isoforms in classical models of epithelial to
mesenchymal transition, as well as in animal models of metastasis.
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